Supercritical fluids are becoming an attractive alternative to the liquid solvents traditionally used as polymerization media'. As the synthesis proceeds, a wide range of colloidal aggregates form, but there has hitherto been no way to measure such structures directly. We have applied small-angle neutron scattering (SANS) to characterize such systems, and although SCF polymerizations are carried out at high pressures, the penetrating power of the neutron beam means that typical cell windows are virtually transparent. Systems studied include molecules soluble in CO, (e.g. polyfluoro-octyl acrylate or PFOA) and this polymer has previously2 been shown to exhibit a positive second vhial coefficient (Ah. Other C02-soluble polymers include hexafluoro-polypropylene oxide (HFPPO), which appears to have a second virial coefficient which is close to zero (lVA, = 0 & 0.2 cm3 g" mol). Polydimethylsiloxane (PDMS), is soluble on the molecular level only in the limit of dilute solution and seems to form aggregates as the concentration increases (c > 0.01 g ~m -~) .
INTRODUCTION
Supercritical CO, presents an environmentally benign medium for polymerizations which minimizes the production of organic solvent and aqueous waste and facilitates isolation of the polymer product'"? However, only two classes of polymeric materials have been shown to exhibit appreciable solubility at readily accessible temperatures and pressures: amorphous fluorolpolymers and silicones. Thus, the relative insolubility of many industrially important polymers in supercritical CO, necessitates the use of heterogeneous polymerization techniques which employ stabilizing moieties to synthesize high molecular weight hydrocarbon polymers. The first successful dispersion polymerization in supercritical CO, involved the stabilization of poly(methy1 methacrylate) particles by the homopolymer poly( 1 , 1-dihydroperfluorooctylacrylate) (PFOA)5. In order to allow the synthesis of other polymers which are relatively insoluble in CO, (e.g. polystyrene), diblock copolymers have been synthesized for use as emulsifying agents in heterogeneous polymerizations. Because of their amphiphilic character, these stabilizers form micelles,, which promote the polymerization of styrene and give rise to spherical particles in quantitative yields (> 90 percent) in CO,.
Small angle neutron and x-ray scattering (SANS and SAXS) methods allow the elucidation of the size and shape of both single polymer chains and supramolecular structures', and over the past two decades, SANS has emerged as the most powerful technique for studying polymer phase behaviof and the self assembly of amphiphiles in aqueous media9v10 in the resolution range 5-20A. The first experiments to apply these techniques to study polymers in supercritical CO, have recently been ~ndertaken*~~J~-'~, and in this publication we review some of the first SANS data that have been taken to probe C02-soluble polymers and also to characterize of the micellar structures formed by amphiphilic molecules.
EXPERIMENTAL
The experiments were performed on the W. C. Koehler 30m SANS facility at the Oak Ridge National Lab~ratory'~. The incident wavelength was X = 4.7581 (AX/X -5 % ) and several sample-detector distances were used to give a range of momentum transfer, 0.005 C Q = 4?rX-'sin0 < 0.2 A-1, where 20 is the angle of scatter. The procedures used to correct for detector efficiency, instrumental backgrounds are described e l s e~h e r e '~J~. The neutror, intensities were converted to an absolute (+ 3 %) differential cross section per unit sample volume [dWdQ(Q), in units of cm-' 1 by comparison with pre-calibrated secondary standardP. The cross section of the corresponding "blank" cell filled with C02 formed only a minor correction to the "sample" data. The CO, cross section [ fig. (l) ] results from density fluctuations near the critical point'6, and amounts to -0.04 cm-', at the lowest Q-values, with a slight angular dependence which reflects the size of the density fluctuations (-5-10 81). The experiments were conducted in the same cell that has been used extensively for polymer synthesis'^^^^, and due to the high penetrating power of neutrons, the beam passed through two 1 cm. sapphire windows, with virtually no attenuation (cell transmission = 93%) or parasitic scattering.
RESULTS AND DISCUSSION (1): CO2-SOLUBLE POLYMERS For a homogenous polymer solution the methodology to extract the $, the radius of gyration (Le. the r.m.s. distance of scattering elements from the center of gravity) and the second virial coefficient (AJ, which indicates whether a polymer chain swells or contracts in the presence of a solvent is well establi~hed~*~J'. These parameters are related to the cross section via where A2 the second virial coefficient, M, is the (weight-averaged) molecular weight (MW), c is the concentration (g ~m -~) and K = [A(SLD)I2/p:A, is the contrast factor for neutron scattering. A, is Avogadro's number, pp is the polymer density and we have assumed initially that the volume from which CO, is excluded by a PFOA chain in the supercritical fluid is the same as the molecular volume in the solid state. The factor in square brackets is the scattering length density (SLD) difference between PFOA (SLD = 0.0336 x10l2 cm-2 in the solid state) and CO, (SLD = 2 . 4 9 8~~~ ~1 0 '~ ern-,), giving K = 7.5 x lo5 mol cm2 g-2 at T = 65°C and P = 340 bar. SANS has previously been used3
to measure A, and MW in the ranges 0.6 < l@A2 < 0.25 and 114 < 10-3MW < 1000.
To our knowledge, small angle scattering is the only method currently available for molecular weight determination in supercritical fluids.
The polymer chain dimensions were derived from the measured cross sections using both the Zimm approach (for the low-Q data points) and also by fitting the data to a Table 1 . The magnitude of Mw measured by S A N S is in good agreement with the nominal MW given by the manufacturer (16k) and A, is zero within the experimental error, indicating that the polymer coil adopts the unperturbed chain dimensions in CO,. In this event, the SANS data do not yield accurate values of A2 or M, .
Thus, for the three species of t'C02-solublet' molecules studied, CO, appears to be either a "good" solvent (PFOA), a theta solvent (HFPPO) or a "poor" solvent (PDMS).
RESULTS AND DISCUSSION (2): GRAFT COPOLYMER MICELLES
The first study of aggregation mechanisms of copolymer micelles in CO, was undertaken by Fulton and coworkers" on water-swollen PFOA-polyethylene oxide (PFOA-g-PEO) graft copolymers using SAXS, which was fitted to a core-shell model with inner and outer radii of 105 and 12581 respectively. The data were recorded in arbitrary, as opposed to absolute, units and thus it is possible that this model may be consistent with the shape of the data without reproducing the intensityl5J8. We have therefore repeated these measurements via SANS using absolute units, and taken advantage of the contrast opportunities afforded by substituting D,O for H20. It will be seen that this allows a more stringent test of the model dimensions, though fortunately it does not alter the overall conchsions of the previous study. We have also examined this material in the absence of added water to show that the micelle dimensions are much larger in the presence of H,Q swelling.
The synthesis of the PFOA-g-PEO material has been described elsewherel', and the PEO grafis had a MW = 5000, with 3-5 grafts per chain and a wt. fraction of PEO is in the range 15-18 %. Thus, the overall MW is estimated to be in the range 100-16Ok. .
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The SANS data were modelled as described previouslygJo, and the micellar solutions are represented as a two phase system in which core-shell micelles interact in a solvent medium. For a collection of polydisperse particles, assuming no orientational correlations the coherent differential scattering cross section is given by where Np is the number density of particles, S(Q) is the structure function arising from interparticle scattering and B is the coherent background from CO, [ fig. (l) ] . For the dilute solutions (e.g. c < 2% w/v) considered here, interparticle interactions may be neglected, and the interparticle structure function in this case is similar to that of a dilute monatomic gas (S(Q) = l).. Spherical particles .with a centrosymmetric distribution of scattering length density may be modelled by a set of concentric spherical shellsgJo, and for a corehhell micelle the intraparticle term in Equation (2) may be expressed as,
Where R, is the radius of a core, which occurs within the distribution of core radii with a normalized frequency of f(R,). The structure function of a particle with core radius R, and outer radius R2 is given by,
Several particle shapes were used to calculate P(Q, and the best fits were given by a spherical core-shell model with a Schultz of particle sizes
where 2 is the variance of the distribution, Z is the breadth parameter and p,, p2 are the corehhell SLDs.
Figure (7) shows the fit to the SANS data, using the parameters derived from the initial SAXS data". It may be secn that the simulation differs from the SANS data by a substantial factor, thus illustrating the point mad.e by Hayter and Penfold'* that the cross section is extremely sensitive to the particle dimensions (dE/dQ -R6), and that even an approximate calibration (4 25 %) is desirable to avoid such discrepancies. In principle, the SANS simulation should be different for the H20-and D20-swollen micelles.
However, Fulton et al., gave no quantitative estimate as to the location of the aqueous species, and assumed that the core (the probable location of the absorbed water) had the bulk (unswollen) PEO density. We have therefore calculated the core SLD on this basis.
Although the different isotopes would have had the same SAXS contrast, it may be seen that the SANS patterns are quite different [ fig. (7) ].
Figs. (8) and (9) show fits to the SANS data using core-shell model and changing only the contiast between the H20-and D20-swollen systems. The inner and outer radii are 2 : 86A and = 128A respectively, with an aggregation number (i.e. the number of molecules per micelle) of Nagg 2 : 83, compared to NBgg = 120 derived from the SAXS study, and Nag, = 3 for the unswollen micelle. Thus, the basic overall picture remains the same as in the initial study, though the advantage of absolute calibration and the extra information provided by the contrast variation studies allows a more precise description of the system.
,,..i
The SLDs for the core and shell respectively are 1.93 and 1.87 x 1O'O cm-2 (for D20) and 1.50 and 2.17 x 10" cm-2 (for H20-swollen micelles). These values may be compared with 2.12 and 0.7 and 3.36 x 10" for CO,, bulk PEO and PFOA respectively, indicating that there must be considerable mixing of the components in both regions.
The shell SLD is higher when the micelle is swollen by D20, indicating that water swells not only the core but also the shell, which mustjherefore be penetrated by PEO in addition to CO,. The fact that the shell SLD is less for the D20-swollen micelle as compared to the equivalent H20-swollen system is puzzling, though the CO, solvent is saturated with water, and thus it is not certain that each sample has absorbed the same amount of fluid.
These comparisons indicate the extra information available from the combination of absolute calibration and isotopic labelling, though it is still insufficient to independently determine all the details of the micelle structure (partitioning of water/C02 between the corehhell etc.). It should be noted that the combination of absolute SAXS and SANS data, each highlighting different features of the system via the particular contrast factors, would provide an even more precise description of the system. We are currently exploring the possibility of combining these techniques on the same set of micelle-forming amphiphiles (e.g. polystyrene-PFOA blockcopolymers). These systems were described in an initial publication2, and will also be the subject of future paper containing detailed model simulations. 
